2012 growing season. Bonferroni adjustment was used to identify significant findings (p = 1.03 × 10 −7 , based on 485,000 tested methylation sites), although less stringent criteria (i.e., p ≤ 1 × 10 −6 ) were used to identify sites of interest. Expression quantitative trait locus (eQTL) databases were used to help identify the most likely functional genes for each associated methylation site. Results Methylation at 36 CpG sites, located in or near 72 genes, differed between the two groups (p ≤ 1 × 10 −6 ). The difference between the two groups was generally due to an increase in methylation in the farmworkers and a slight decrease in methylation in the non-farmworkers. Enrichment was observed in several biological pathways, including those involved in the immune response, as well as growth hormone signaling, role of BRCA1 in DNA damage response, p70S6K signaling, and PI3K signaling in B lymphocytes. Conclusions We identified considerable changes in DNA methylation at 36 CpG sites over the growing season that differed between farmworkers and non-farmworkers. Dominant pathways included immune-related (HLA) processes, as well as a number of diverse biological systems. Further studies are necessary to determine which exposures or behaviors are responsible for the observed changes, and whether these changes eventually lead to disease-related phenotypes in this population.
Introduction
1 3 (Arcury et al. , 2014 Arcury and Quandt 2003; Calvert et al. 2008; Fenske et al. 2005; McCauley et al. 2006; Quandt et al. 2006; Reeves and Schafer 2003) . Organophosphorus insecticides are among the most widely used pesticides and include acephate, chlorpyrifos, dimethoate, disulfoton, malathion, and phosmet. Farmworkers who experience chronic exposure to pesticides or their residues (active ingredients that persist on surfaces after the chemical has evaporated) may experience serious health problems, such as cancer and neurologic dysfunction (Alavanja et al. 2004; Hoppin et al. 2002; Kamel and Hoppin 2004; McCauley et al. 2006; Mills and Yang 2003) . Epidemiological studies on the potential effects of organophosphate pesticide exposure have provided conflicting results, especially with chronic, low levels of exposures, where immediate effects are absent (reviewed in Ray 1998; Ray and Richards 2001) .
Recent research suggests that epigenetics plays a role in a number of complex diseases, including depression, neurodegenerative diseases, and learning and memory formation (Barrett and Wood 2008) . The relevant mechanisms include histone modifications and DNA methylation that have been found to control hippocampal synaptic plasticity and memory processes (Barrett and Wood 2008) . Chronic abnormalities in histone acetylation may be related to aberrant expression of genes associated with learning and memory, synaptic plasticity, and synaptogenesis in mice. Such dysregulation may contribute to deregulated gene expression and learning impairment (Guan et al. 2009; Peleg et al. 2010) . A number of recent studies have identified epigenetic changes in DNA from whole blood with phenotypes related to mental health (e.g., depression, schizophrenia, and post-traumatic stress disorder) and cognitive function (Guidotti et al. 2014; Na et al. 2014; Thaler et al. 2014; Walton et al. 2014; Wang et al. 2014; Yehuda et al. 2014) . It has also been suggested that both early and later life environmental exposures may have an epigenetic effect (ChinChan et al. 2015) .
Studies demonstrating the direct effects of pesticides on epigenetic variation have involved in vitro, animal, and human studies, and these studies have shown that pesticides can alter DNA methylation patterns. In K562 cell lines, for example, exposure to fonofos, parathion, and terbufos altered the methylation status of 712 genes (Zhang et al. 2012) . In a study examining the effects of dichlorodiphenyltrichloroethane (DDT) on rats, six CpG islands from the hypothalamus were determined to be altered in exposed compared with control rats (Shutoh et al. 2009 ). In humans, organochlorines have been shown to result in global DNA hypomethylation (Kim et al. 2010) . Together, these data support the hypotheses that changes in DNA methylation in blood can be associated with a number of complex diseases and traits, including measures of cognitive function and preclinical neurodegenerative disease, and that these changes may be a result of persistent pesticide exposure.
Methods

Study population
The study population involved participants from the Preventing Agricultural Chemical Exposure (PACE4) study, a community-based participatory research project comparing occupational exposures, particularly pesticide exposure, among immigrant Latino farmworkers and immigrant Latino non-farmworker manual workers (Arcury et al. 2014) . Briefly, participants were men aged 30-70 years, recruited from three agricultural counties in east central NC (Harnett, Johnston, Sampson) and an urban county in Piedmont NC (Forsyth). Farmworkers were currently employed in agriculture and worked in agriculture for at least 3 years. Non-farmworkers could not be employed for the past 3 years in jobs that exposed them to pesticides, including farm work, forestry, landscaping, ground keeping, lawn maintenance, and pest control. Potential farmworker and non-farmworker participants were excluded if they reported being told by a healthcare provider that they had diabetes. Only limited data were available for other chronic diseases or medication use. Blood samples for DNA methylation (described below) were collected in 2012, generally at the beginning (clinic 1; June for farmworkers, July for nonfarmworkers) and end of the growing season (clinic 2; September for farmworkers, October for non-farmworkers), with a few exceptions (three farmworkers who did their first clinic visit in July, nine non-farmworkers did their first clinic visit in August, and three non-farmworkers did their first clinic visit in September). Blood samples were stored at 4 °C at the clinic site and then transported to Wake Forest School of Medicine for DNA isolation. Sixty nonfarmworkers and 83 farmworkers were selected for the DNA methylation study. All participants provided written consent, and this study was approved by the Wake Forest School of Medicine Institutional Review Board.
DNA methylation
DNA was isolated from whole blood using the AutoPure LS system (Qiagen, Inc.) and then bisulfite-converted using the EZ DNA Methylation Gold kit (Zymo, Irvine, CA). To quantify DNA methylation at each site, we used beta values, as determined with the HumanMethylation450 BeadChip (Illumina, Inc.), which targets over 485,000 CpG sites at single-nucleotide resolution, and the iScan Reader (Illumina, Inc.). The ChAMP program (Morris et al. 2014) in BioConductor was used to initially process the data, using the default import settings. These included the removal of methylation probes with a detection p value less than 0.01, a beadcount less than three, and on the X-or Y-chromosome. To adjust for the two distinct Infinium assays that are simultaneously measured on this microarray (Infinium I and Infinium II), we used the champ.norm command with BMIQ normalization (Teschendorff et al. 2013) . The BMIQ-normalized data were used for all statistical analysis. Methylation sites with nearby SNPs (as defined by Illumina, dbSNP137, version 2) with a minor allele frequency greater than 0.05 in any population were not included in our results.
Statistical analysis
The sample means and standard deviations were computed for the continuous demographic characteristics; counts and proportions were calculated for the discrete demographic characteristics by farmworker status. Linear regression models were used to study the association between the farmworkers and non-farmworkers, and CpG site methylation. The covariate of interest was the farmworker status. Participant age and position of the sample on each microarray were adjusted. Due to the small sample size, no adjustment was made for the chip itself. Four models were fitted. The first two models examined the cross-sectional analysis at each time point. The last two models examined the association between change of methylation site and farmworker status. First, the dependent variable was the CpG site methylation at clinic 1. This model could identify CpG site methylation differences between the farmworkers and non-farmworkers at clinic 1. Second, the dependent variable was the CpG site methylation at clinic 2. Third, the dependent variable was the change of CpG site methylation between clinic 2 and clinic 1. Fourth, the dependent variable was the change of CpG site methylation between clinic 2 and clinic 1. CpG site methylation at clinic 1 was additionally adjusted in the model. All analyses were performed using the R software package. Bonferroni adjustment was used to identify significant findings (p = 1.03 × 10 −7 , based on 485,000 tested methylation sites), although less stringent criteria (i.e., p ≤ 1 × 10 −6 ) were used to identify sites of interest. This level of significance was assigned due to the conservative nature of the Bonferroni adjustment (given the likelihood that some methylation sites will be correlated and not completely independent) to provide a set of genes for follow-up and pathway analysis.
Expression quantitative trait loci (eQTLs) near associated CpG sites were identified. There are now considerable eQTL data (which correlates gene expression with SNP alleles) publically available. We sought to use this data to determine whether methylation sites of interest were in regions of the genome that might have regulatory effects. If eQTL SNPs were within 2 kb of the methylation site (but not so close as to cause a problem with the assay), this indicated that the genomic region was regulatory, increasing the likelihood that the methylation difference was functional. Single nucleotide polymorphisms (SNPs) surrounding each associated CpG site were identified by searching 1 kb upstream and 1 kb downstream from each site. Each SNP was then searched to determine whether it was an eQTL in any tissue, using two resources-the eQTL Browser from the University of Chicago (eqtl.uchicago.edu) and the Blood eQTL Browser (Westra et al. 2013 ). The eqtl.uchicago.edu database searches 17 data sets from six tissue types; the Blood eQTL Browser focuses on whole-blood-specific eQTLs.
Results
Some differences in the characteristics between the farmworker and non-farmworker populations were observed (Table 1) . Marital status, education, and country of birth were all significantly different, most likely due to the ascertainment scheme instead of an artifact of the selected subset of participants from the parent study.
We compared the change in DNA methylation from whole blood, from the first and last time points collected (clinic 1 and clinic 2), between the farmworker and nonfarmworker groups, adjusting for participant age. Thirtysix CpG sites, located in distinct genomic regions (with the exception of cg02001956 and cg04272615, which are 48 kb apart on chromosome 6), had changes that were different between the two groups (p ≤ 1 × 10 −6
; Table 2 ). Of these, 33 indicated an increase in methylation in farmworkers compared to non-farmworkers, suggestive of a general decrease in gene expression of the regulated genes. Five methylation sites met the more conservative Bonferroniadjusted level of significance of p = 1.03 × 10 −7
, based on 485,000 tested methylation sites ( Fig. 1; Supplementary  Figure) . The difference between the farmworkers and nonfarmworker groups was generally due to an overall increase in methylation in the farmworkers over time, and a slight decrease in methylation in the non-farmworkers. The overall methylation level for each of these sites was relatively high (greater than 0.7), and the absolute change over time, within each group, was small ( Supplementary Figure) .
Smoking in this population is modest (Table 1) . However, to adjust for the potential effect of smoking on the difference in methylation, we ran a separate analysis including smoking (pack years) in the model. The DNA methylation results for the farmworker group effect with and without adjusting for smoking are consistent. The adjustment of smoking had minimal effect, with less than 5 % change of the regression coefficient for the farmworker group.
To better identify the most likely functional genes located near the associated CpG sites, we determined whether eQTLs were present nearby, based on SNPs within the same region. SNPs within 1 kilobase (kb) upstream and downstream of each CpG site were tested, and 34 unique genes were identified using an eQTL score (−log 10 (P value)) threshold of 5 (Table 2) . While all of the CpG sites did not have an associated eQTL nearby, this method identified more likely functional candidate genes when present, since several genes were identified relatively distant to the CpG. In some cases, eQTLs were identical to the nearby genes (e.g., CRAT, PPP2R4), whereas in others, the genes were completely distinct. In the latter case, we considered the eQTL gene to be the primary functional gene in the region. The 72 most likely functional genes (positional or eQTL genes, when available) were identified and carried forward for pathway analysis.
Pathway analysis was performed to identify biological pathways that were enriched with the identified functional genes. Sixty-six of the genes were available for pathway analysis, using Ingenuity Pathway Analysis (IPA; Qiagen, Inc.). The significantly enriched canonical pathways identified were antigen presentation (p = 4.40 × 10 −8 ), B cell development (p = 1.69 × 10 −6 ), allograft rejection signaling (p = 7.56 × 10 −5 ), CDC42 Signaling (p = 8.38 × 10 −5 ), and altered T cell and B cell signaling in rheumatoid arthritis (p = 8.66 × 10 −5 ). All of these were enriched due to the four HLA genes, all of which were regulated by the genomic region containing cg04166913. To eliminate the overwhelming effect of the immune-related pathways, we removed the HLA genes and ran the analysis with the 62 remaining genes. Enrichment of the canonical pathways was considerably reduced, although three pathways with at least two genes remained moderately significant (p < 0.05). These included growth hormone signaling, role of BRCA1 in DNA damage response, p70S6K signaling, and PI3K signaling in B lymphocytes. 
Discussion
Acute exposure to pesticides has a number of well-characterized physiological and clinical effects. The effects of chronic, long-term exposure, however, are unknown. As part of the ongoing PACE4 project to study the neurological and cognitive impacts of chronic pesticide exposure, we have examined DNA methylation levels of over 485,000 CpG sites in a subset of 143 individuals (83 farmworkers and 60 non-farmworkers). We identified considerable changes in DNA methylation at 36 CpG sites over the growing season that differed between farmworkers and non-farmworkers. These sites were mapped to the most likely functional genes using publically available eQTL data, and a number of biological pathways were enriched for these genes. Dominant pathways included immune-related (HLA) processes, as well as a number of diverse biological systems. These data suggest that the farmworker environment leads to a unique epigenetic profile, further analysis of which will determine the potential long-term risks. Initial pathway analysis was overshadowed by an abundance of immune-related pathways. This was primarily due to the inclusion of cg04166913, which is an eQTL for a number of HLA genes (Table 2) . HLA genes are involved in the overall immune response, but more interestingly, HLA-DRB5 methylation was recently shown to be associated with pathological Alzheimer's disease (Yu et al. 2015) . In addition, HLA-DR antigens, as detected by monoclonal antibodies using flow cytometry on peripheral blood mononuclear cells, were lower in individuals with acute organophosphate pesticide poisoning (Xia et al. 2014) . These data provide initial support for a link between pesticide exposure, DNA methylation, and Alzheimer's disease.
Removal of the HLA genes was performed for additional pathway analysis to determine whether an enrichment of other pathways was present. Four additional pathways were detected: growth hormone signaling, role of BRCA1 in DNA damage response, p70S6K signaling, and PI3K signaling in B lymphocytes. These additional pathways do not point to any key processes being affected, but rather indicate the potential diverse effects of DNA methylation differences.
The potential long-term effects of pesticide exposure are likely determined by the interaction between genetic susceptibility and the exposure itself. Much of the work previously performed in this area of research has focused on intrinsic genetic variability (e.g., SNPs), predominately in the paraoxonase 1 (PON1) gene, which encodes an enzyme known to metabolize organophosphorus pesticides (reviewed in Androutsopoulos et al. (2011) . We have also previously reported that SNPs in BCHE, which encodes butyrylcholinesterase, were associated with levels of cholinesterase in a separate farmworker population (Howard et al. 2010) . Cholinesterase is inhibited by organophosphorus pesticides, and depressed levels can be an indication of pesticide exposure. While these data provide some insight into potential gene-environment interactions, a better marker for a direct genetic effect of exposure can be observed by evaluating epigenetic marks, such as DNA methylation. Toward that end, our data are supportive of an in vitro study that examined the effects of individual pesticides on K562 cells (Zhang et al. 2012) . As with our study, an abundance of hypermethylated CpG sites was observed in the cells treated with specific organophosphorus pesticides. In addition, two of the genes hypermethylated after treatment with fonofos, parathion, or turbufos in that study (SLC13A5 and EPB41L1) were also hypermethylated in our study (Table 2 ). These data support our hypothesis that pesticide exposure, perhaps in addition to other farmworker-specific environmental exposures, contributes to the epigenetic changes we observed.
We identified a change in 36 CpG sites that differed between a Latino farmworker and non-farmworker population. These sites led to 72 genes that may potentially be affected through epigenetic mechanisms. While the focus of the PACE4 study is the effect of pesticides on farmworker health, there are other differences that may have altered the DNA methylation profile between the farmworker and nonfarmworker populations. First, the two populations were from different parts of North Carolina. It is possible that different environmental exposures, independent of occupation, led to a difference in methylation levels between the two time points. Second, the unique stresses of living in a migrant farmworker camp may have an impact on DNA methylation. Third, other farmworker-specific exposures besides pesticides (nicotine from tobacco plants, exhaust from machinery, etc.) may have contributed to the differences. While inclusion of smoking into the analysis model did not alter the methylation results in this population, it is possible that other tobacco-related products may contribute. And fourth, the DNA from this study was collected from whole blood samples. As each cell type has a distinct DNA methylation profile, it is possible that variation in cell types between the participants led to a perceived change in methylation.
In conclusion, we have identified changes in DNA methylation between farmworkers and non-farmworkers in a North Carolina Latino population. This is the first study to examine gene-specific, genome-wide DNA methylation in a pesticide-exposed population, and our data support that there is a unique epigenetic profile in farmworkers over the growing season, compared to non-farmworkers. A variety of genes were affected, suggesting that changes in DNA methylation may affect a number of different biological pathways and potential disease processes. Future work should be performed to determine whether gene expression changes in these genes correlate with the methylation pattern, and to determine whether these changes are transient or more long-standing. Additional investigation is necessary to delineate which specific exposures or behaviors are responsible for the observed changes, and whether or not these changes eventually lead to disease in this population.
